An effective and simple protocol is described that successfully leads to liquid chromatographic enantioseparation of racemic beta-blockers by derivatization approach (with an example established with (RS)-metoprolol, and verified by using (RS)-atenolol).
indirect technique is generally simpler to perform and often has better resolution than that obtained with a direct method because chromatographic conditions are much easily optimized and the chiral derivatizing reagents (CDRs) can provide highly sensitive detector response requiring only an achiral column.
The indirect approach must fulfil the following requirements, (i) the enantiomer molecule and the CDR must possess an easily derivatizable and compatible functional group, (ii) the CDRs and the diastereomers should be stable, (iii) the enantiomeric purity of the chiral reagent must be very high or its purity should be known, (iv) the derivatization reaction should be fast and complete, and, if not so, the reaction rates of two enantiomers must be kinetically equal, and, (iv) the reaction conditions must be moderate to avoid any racemization of the analyte during the reaction (ref. 5).
Separation via diastereomer formation is usually improved when bulky groups are attached to the stereogenic centre and when the stereogenic centres of both the reagent and the analyte are in close proximity in the resulting diastereomer. Introduction of a chromophore enhances detection (say, for HPLC separation). Performance of HPLC enantioseparation would thus depend upon the chemical nature of the CDR acting as the reagent tagged to enantiomers, selection of organic modifiers for their polarity, and the adjustment of buffer pH, and concentration.
With the above mentioned background, several CDRs have been synthesised and used for enantioseparation of a variety of pharmaceuticals, marketed as racemic mixtures, at this laboratory (refs. 5-13) .These included CDRs having cyanuric chloride or DFDNB or (S)-Naproxen (Npx) as the chromophoric moiety and were suitable for enantioseparation of pharmaceutically important compounds containing amino group. There have appeared a few review articles on use of CDRs based on DFDNB for HPLC enantioresolution of DLamino acids, particularly (refs. 14-16).
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The diastereomers prepared with DFDNB based CDRs had a very similar absorption spectrum characterized by a λ-max at 340 nm but there remains a drawback for DFDNB based derivatives that a gradual change occurs as a result of a photochemical decomposition of the absorbing chromophore, if the solutions are not kept in dark.
Unstable derivatives, poor detection of certain derivatives, or lack of quantitative yield of the reaction were the inherent limitations in using other CDRs. The CDRs developed from (S)-Npx had either amide bond or ester linkage or anhydride. In our laboratory, benzotriazole activated naproxen (Nap-Btz) was synhesized by an improved, simple and safe method under mild conditions of stirring at room temperature for 2.5 h using DCC/DMAP coupling reagent (ref. 17) in contrast to its synthesis in 4 hr using hazardous thionyl chloride by Katritzky et al. (ref. 18) .
Success of enantioseparation of several racemic pharmaceuticals using (S)-Npx based
CDRs led us to choose (S)-levofloxacin (Lfx; Fig.1 ), as the chiral moiety, to synthesise CDRs, for its high molar absorptivity (Ɛo ~24000 mol-1 cm-1) owing to substituted aromatic residue and the carboxylic group and its availability in low price as pure (S)-enantiomer.
This protocol reports validated enantioseparation of (RS)-Metoprolol (Mel, selected as the analyte from among the common β-blockers marketed as a racemate) by HPLC using CDRs based on (S)-levofloxacin, synthesized for this purpose. Here we have also shown that the protocol is successfully applicable to enantioseparation of (RS)-atenolol. The methodology could be applied to many other racemic pharmaceuticals containing an amino functional group.
Reagents

REAGENTS
• N-hydroxysuccinimide (98%; Sigma Aldrich, CAS no.6066-82-6) 6 ! CAUTION Being slightly acidic, it is an irritant to skin, eyes and mucous membranes.
• N-Hydroxybenzotriazole (98%; Rankem, Gurgaon, Haryana, India, CAS no. 2592-95-2) ! CAUTION Risk of explosion if heated under confinement
• Dicyclohexylcarbodiimide (DCC) (99%; Sigma-Aldrich, CAS no.538-75-0) ! CAUTION DCC is a potent allergen and a sensitizer, often causing skin rashes.
• (RS)-Atenolol (98%; Sigma-Aldrich, CAS no.29122-68-7)
• (RS)-Metoprolol (98%; Sigma-Aldrich, CAS no. 56392-17-7)
• Levofloxacin as Levoflox-500 tablets (Cipla, Mumbai, India)
Ten Levoflox tablets, each containing 500 mg of Lfx, after removing coating of red iron oxide and titanium dioxide, were grounded to a fine powder and extracted with 50 mL
MeOH by sonication at 25 °C. The solution was filtered through Whatman paper (8µm pore). The same procedure was repeated twice with the residue. The combined filtrate was concentrated in vacuum and kept at 4 °C until crystals appeared. The sample was further purified by recrystallization with CHCl3-MeOH. The sample was preserved in tightly closed container, protected from light.
• NaHCO3 (99%; Thomas Baker, Mumbai, India, CAS no. 497-19-8)
• Triethylamine (TEA) (99%; Rankam, Gurgaon, Haryana, India, CAS no. 121-44-8),
It is a colourless volatile liquid with a strong fishy odour.
• o-Phosphoric acid (85%; Thomas Baker, Mumbai, India, CAS no. 7664-38-2), ! CAUTION it is corrosive.
• Silica gel 60-120 mesh (for open column) (SISCO Research Laboratories, Mumbai, India, Batch no. T/827881).
• Ethyl acetate (99%; Thomas Baker, Mumbai, India, CAS no. 141-78-6), ! CAUTION Overexposure to ethyl acetate may cause irritation of the eyes, nose, & throat.
• Dichloro methane (DCM) (99%; Rankem, Gurgaon, Haryana, India, CAS no. 75-09-2),
! CAUTION the Scientific Committee on Occupational Exposure Limit Values (SCOEL)
recommends for DCM an occupational exposure limit (8 h time-weighted average) of 100 ppm and a short-term exposure limit (15 min) of 200 ppm.
• Chloroform (CHCl3) (99%; Molychem, Mumbai, India, CAS no. 67-66-3).
! CAUTION Accidental splashing into the eyes has caused irritation. Prolonged dermal exposure can result in the development of sores.
• Ethanol (EtOH) (99%; Merck, CAS no. 64-17-5)
• Tetra hydro furan (THF) (99%; Rankem, Gurgaon, Haryana, India, CAS no. 109-99-9), ! CAUTION It penetrates the skin causing rapid dehydration. THF readily dissolves latex and is typically handled with nitrile or neoprene rubber gloves. It is highly flammable.
• Acetonitrile (MeCN) (99%; Merck, CAS no. 75-05-8)
• Methanol (MeOH) (99%; Merck, CAS no. 67-56-1).
Equipment EQUIPMENT
• HPLC system (LC-20AD, Shimadzu, Kyoto, Japan) consisted of a DGU-20A5 on-line degasser unit, low-pressure gradient unit, low pressure mixing type gradient, parallel double plunger pump, high pressure mixer, SPD-M20A diode array detector, SPD-20A/20AV (UV-VIS Detector), CTO-20AC column oven and LC solution and DAO (data access objects) 3.5 operating software.
• LiChrospher C18 column (L x I.D. 25cm × 4.6 mm, 5 μm particle size) from Merck (Darmstadt, Germany).
• Microwave-Multiwave 3000 (800 W, Perkin-Elmer, Shelton, CT, USA)
• pH meter Cyberscan 510 (Singapore)
• Milli-Q system of Millipore (Bedford, MA, USA) to obtain purified water (18.2 MΩcm3) from double distilled water 8
• FT-IR Spectrometer (Nicolet-6700, Thermo Scientific, USA)
• Elemental Analyzer (Vario EL III, Hanau, Germany)
• NMR spectrometer 400 MHz (JEOL Inc., Peabody, USA)
• UV spectra were recorded in MeOH (using Shimadzu, UV-2450 Spectrophotometer).
• 26 l Allow to crystallize the two sets of the concentrates; yield for first eluting 12 diastereomer is 115 mg (yield 85%) and that of the second eluting diastereomer is 110 mg (yield 80%), (designated as DsA-1 and DsA-2), respectively.
Timing Experimental Approach
The carboxylic group of (S)-Lfx was activated by reaction with N-hydroxybenzotriazole because esters of 1-hydroxy benzotriazole are extremely potent acylating agents19 while N-hydroxysuccinimide esters are highly reactive and yield the desired amide bond (between amino group of (RS)-Mel and the carbonyl of (S)-Lfx) with expected ease (ref. Supplementary Fig. 1 .
Further, the lowest energy optimized structures of the diastereomers were developed, using the Gaussian 09 Rev. A.02 program and hybrid density functional B3LYP with 6-31G* basis set (based on density functional theory), and are shown in Fig.4 . The structures clearly show formation of an intramolecular hydrogen bond between the carbonyl group of (S)-Lfx molecule and hydroxyl group of Mel in one of the diastereomers while formation of such an intramolecular hydrogen bond was not possible in the other diastereomer. The formation of H-bonding in one of the diastereomers is considered to be responsible for difference in the chemical shift of the -OH signal in the 1H NMR spectra ( Supplementary   Fig. 1 ). The formation of hydrogen bond causes a downfield shift and a difference in the chemical shift of the -OH protons in the two diastereomers is observed. Thus the formation of hydrogen bond in one of the diastereomers only arises due to specific spatial arrangement.
Separation mechanism and elution order
It can be observed (Fig.4) that in (S,R)-diastereomer (DsA-2) the bulky groups like phenyl (of Mel) and piperazinyl (of Lfx) are present on the same side of the planar amide bond (cis-, type orientation) and this planarity further supports the formation of intramolecular H-bond between the -OH proton (in the Mel moiety) and the carbonyl oxygen (of the Lfx moiety). On the other hand, in (S,S)-diastereomer (DsA-1), these groups are spatially oriented on the opposite side (i.e., trans geometry) and there is no intramolecular Hbonding. These differences (in terms of steric arrangement and the H-bond) cause difference in hydrophobicity which would be expected to result into differential interaction of the diastereomers with the C18 material of the column. The diastereomer with cis orientation is considered to have a stronger interaction with the C18 column material; these stronger or weaker interactions lead to different retention times of the two diastereomers and their separation. Therefore, the (S,R)-diastereomer (DsA-2) having cis- Troubleshooting advice can be found in Table 1 . Retention factors (k), separation factor (α) and resolution (Rs) were calculated and the separation method was validated for linearity, accuracy, limit of detection (LOD) and limit of quantification (LOQ); the details are provided in 'Supplementary' information.
Organic synthesis: The analytical data of organic compounds are given below.
with CDR-1 and CDR-2 as compared to those reported in literature. Thus, the developed method reduced significantly (approximately 10-15 times) the consumption of organic mobile phase.
The efficiency of CDR-1 and CDR-2 for diastereomeric separation and enantioselectivity was found to be better in terms of low retention times (2-6 min), high Rs (3.14-9.09) and low LOD (1.856 ng mL-1and 2.228 ng mL-1) in comparison to those reported in the literature ( Table-1) ; new CDRs were found to be more stable (5 month at 2-5 oC) as compared to CDRs based on DFDNB22, and naproxen22,31, and isothiocyanate26-28. Also, the separation factor (α, 2.59 and 2.39) for the diastereomers prepared with the CDR-1 and CDR-2 were found to be better than the diastereomers prepared with reported CDRs (Table-2 ).
Method validation
Validation was performed according to ICH guideline4 and previous reports5-13. LOD of the order of 1.85 ng mL-1 and 2.22 ng mL-1, and LOQ of the order of 5.62 ng mL-1 and 6.75 ng mL-1, are obtained for the diastereomers of (S)-, and (R)-Mel, respectively.
Validation table and data are given as 'Supplementary' information.
Verification of Protocol
The above mentioned protocol was applied for enantioseparation of (RS)-atenolol (Atl).
Sections of chromatograms showing separation of diastereomers of (RS)-Atl prepared with CDR-2 are shown in Fig.5 . Since the protocol was successful other details are not being included in this paper.
Comparison with competing chiral derivatizing agents and applications
The newly synthesized CDRs were found to provide better resolution (3.41-9.09) in comparison to the resolution reported in the literature (Table-2 ). The retention times were 20 greatly reduced (2-6 min, at a flow rate of 1 mL min-1) for the diastereomers synthesized with CDR-1 and CDR-2 as compared to those reported in literature. Thus, the developed method reduced significantly (approximately 10-15 times) the consumption of organic mobile phase.
Method validation
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